Introduction
============

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers because of its propensity for both local invasion and distant metastasis, as well as its resistance to therapy.[@b1-ott-9-6719] It is of great significance to explore new molecules to give a more accurate prediction and guide a more efficient treatment.

The muscarinic acetylcholine receptors (mAChRs) contain a family of five related G protein-coupled receptors (GPCRs, denoted as M1 to M5 and encoded by the genes *CHRM1* to *CHRM5*), belonging to the α-branch of class A GPCRs.[@b2-ott-9-6719] The mAChRs play an important role in human physiology, such as the regulation of heart rate, smooth muscle contraction, glandular secretion and many central nervous system fundamental functions.[@b3-ott-9-6719] Currently, drugs targeting muscarinic receptors are applied in the treatment of several pathophysiological conditions such as chronic obstructive pulmonary disease, overactive bladder and Sjögren's syndrome.[@b3-ott-9-6719],[@b4-ott-9-6719]

Recent studies have demonstrated that overexpression of muscarinic acetylcholine receptor 3 (M3) has been correlated with tumor progression and metastasis in certain human colon cancer, gastric cancer and lung cancer.[@b5-ott-9-6719]--[@b7-ott-9-6719] However, the role of M3 in PDAC has not been fully investigated yet. We hypothesized that overexpression and activation of M3 may contribute to the development and metastasis of PDAC and it may be a novel therapeutic target for PDAC. Therefore, we examined the expression of M3 in PDAC tissues and explored the relationship between its expression and clinicopathological features of PDAC patients.

Materials and methods
=====================

Patient tumor sections
----------------------

This study was approved by the Ethics Committee of Peking University Third Hospital, Beijing, the People's Republic of China (permit no IRB00006761-2015015) who deemed patient consent was not necessary as data were analyzed anonymously. The procedures for handling human materials were in line with the ethical standards of the 1975 Declaration of Helsinki, which was amended in 1983. Primary PDAC specimens (n=58) were derived from patients who underwent pancreatectomies with clear surgical margins from the General Surgery Department of Peking University Third Hospital. Adjacent normal pancreatic tissue samples (n=58) were obtained at least 2 cm away from tumor tissues in the same group of patients. All patients were subject to surgery from February 2007 to December 2010, and the follow-up utilized for survival analyses was ended in December 2014. The clinical staging of these patients followed the NCCN Guidelines version 2.2015 staging for pancreatic cancer (available at [www.nccn.com](http://www.nccn.com)). Patients who received chemotherapy prior to surgery were excluded in this study. The clinicopathological characteristics of all patients are shown in [Table 1](#t1-ott-9-6719){ref-type="table"}.

Immunohistochemistry
--------------------

All tumors employed for this investigation were reviewed by at least two pathologists for final diagnosis. Archived formalin-fixed paraffin-embedded PDAC tumor tissue sections were dealt with as described previously.[@b8-ott-9-6719] After deparaffinization in xylene, the sections were rehydrated in graded alcohols. Endogenous peroxidase was quenched with 3% hydrogen peroxide in methanol at room temperature (25°C). The sections were placed in a 95°C solution of 0.01 M sodium citrate buffer (pH 6.0) for antigen retrieval. A rabbit anti-M3 polyclonal antibody (1:200; Santa Cruz, Dallas, TX, USA) was used for the detection of M3, and a rabbit polyclonal anti-VAChT antibody (1:100; ab-68984; Abcam, Cambridge, MA, USA) was employed for the detection of parasympathetic nerve fiber. The primary antibody was applied overnight at 4°C. PV9000 two-step plus a poly-horseradish peroxidase antimouse/rabbit immunoglobulin G detection system (Zhongshan Jinqiao, Jiaxing, the People's Republic of China)

Semi-quantitative scoring
-------------------------

Semi-quantitative scoring of antibody staining on the slides was examined and checked by two pathologists, and scores were made without prior knowledge of clinical information. There are no common criteria for the grading of M3 in PDAC, and hence we take our criteria according to the grading of M3 in other cancers, such as lung cancer and endometrial cancer. Staining intensity and percentage of tumor cells stained were utilized in evaluating M3 staining on the tumor tissue section (0= not detected, or \<1% positive cells; 1= weak, or 1%--40% positive cells; 2= moderate, or 40%--70% positive cells and 3-strong, or \>70% positive cells). "Score 3" was defined as high expression and "scores 1 and 2" as low expression. Cases with discrepancies were reevaluated simultaneously by the two pathologists until a consensus was reached. The value of kappa is 0.763. If there were discrepancies between staining intensity and percentage of tumor cells, the higher grade was chosen to represent the grade.

Statistical analysis
--------------------

Differences of M3 expression among various subgroups were identified through the Kruskal--Wallis rank sum test. Student's *t*-test was used for paired studies. The Kaplan--Meier method was performed to represent survival curves, and the log-rank test was applied to verify significant differences in survival time. Association of overall survival (OS) with M3 expression was examined by Cox regression model using backward stepwise (likelihood ratio) method. Results were considered statistically significant when *P*\<0.05 (two-sided) using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA).

Results
=======

M3 is not expressed in adjacent noncancer pancreatic tissue and increased in PDAC
---------------------------------------------------------------------------------

To detect the M3 expression in PDAC, we examined a cohort of 58 patients with an age distributed from 23 to 80 years. We examined M3 expression in noncancer pancreatic tissues and found that M3 was frequently absent in these tissues ([Figure 1A](#f1-ott-9-6719){ref-type="fig"}). But M3 expression was observed in all cancer tissues, which was expressed predominantly in the cytoplasm of PDAC cells. Cytoplasmic M3 staining on tumor tissue slides was assessed using the following criteria: grade 1= weak ([Figure 1B](#f1-ott-9-6719){ref-type="fig"}), grade 2= moderate ([Figure 1C](#f1-ott-9-6719){ref-type="fig"}) and grade 3= high ([Figure 1D](#f1-ott-9-6719){ref-type="fig"}). The results showed that low M3 (1--2) expression and high M3 expression accounted for 41.4% (24) and 58.6% (34), respectively. However, only low expressions of M3 were detected in 21 (36.2%) cases of paired adjacent noncancer tissues and the remaining 37 (63.8%) showed no expression of M3. In addition, we compared the expression of M3 protein in PDAC tissues and the corresponding adjacent noncancer tissues; M3 expression in PDAC was also found to be increased significantly (*P*=0.001) ([Figure 1E](#f1-ott-9-6719){ref-type="fig"}). Taken together, these findings indicated that M3 expression is enhanced in PDAC patients and suggested that M3 may be involved in the progression of PDACs.

M3 expression was associated with clinicopathological variables in PDAC
-----------------------------------------------------------------------

Associations between M3 expression levels and clinicopathological variables are summarized in [Table 2](#t2-ott-9-6719){ref-type="table"}. The most obvious correlation was identified between M3 expression and PDAC N stage, in which the expression level of M3 was increased from N0 to N1 (*P*=0.019). Similarly, the higher American Joint Committee on Cancer (AJCC) stage correlated with higher M3 expression (*P*=0.032). However, M3 expression was not found to be related significantly with patients' age (*P*=0.329), gender (*P*=1.000), location of the tumor (*P*=0.869), T stage (*P*=0.409), G grade (*P*=0.843), vessel invasion (*P*=0.264) and neural invasion (*P*=0.684).

M3 expression was of prognostic value in PDAC
---------------------------------------------

To determine if M3 expression was correlated with patient survival, we examined patients with available follow-up data of up to 84 months. We found that 39 (67.2%) patients died during follow-up and 19 (32.8%) patients were alive or censored. The postoperative median survival time of the follow-up patients was 15.5 months. Patients with low or high M3 expression had median survival times of 28.0 and 12.0 months, respectively. Through Kaplan--Meier analysis, we found that the survival of patients with high M3 expression was shorter than that in the low-expression groups (*P*=0.003) ([Figure 2](#f2-ott-9-6719){ref-type="fig"}). In addition, the advanced clinical AJCC stage (*P*=0.001), lymph node metastasis (*P*\<0.001) and neural invasion (*P*=0.011) also predicted shorter OS for PDAC patients. In contrast, no prognostic significance was found for OS with gender (*P*=0.953), location of the tumor (*P*=0.409), T stage (*P*=0.080), G grade (*P*=0.119) and vessel invasion (*P*=0.067) of the patients, respectively ([Table 3](#t3-ott-9-6719){ref-type="table"}). The multivariate Cox regression model using backward stepwise (likelihood ratio) method was employed to analyze the prognostic factors of OS in PDAC patients; in this process, T stage, N stage, AJCC stage, perineural invasion and G grade were included. M3 expression and AJCC stage were involved as dependent variables in the model. The result indicated that the presence of high M3 expression maintained its unfavorable impact on prognosis (*P*=0.022). Patients with high M3 expression had a 2.270 times elevated risk of death after adjusting for the remaining features in comparison to patients with low M3 expression ([Table 4](#t4-ott-9-6719){ref-type="table"}). Taken together, these results indicate that M3 is a factor that can predict the prognosis for PDAC patients.

The characteristics of M3 expression in invasive tumor front (ITF)/tumor budding and metastatic lymph node
----------------------------------------------------------------------------------------------------------

Enhanced expression of M3 correlated with shorter patient survival in PDAC. However, the contributory role of M3 in patient prognosis remained unknown. As is shown from the result that M3 expression is involved with lymph node invasion and AJCC stage, we predict that M3 may promote the invasion or metastasis of PDAC. The ITF has been identified as the most progressed, three to six tumor cell layers or detached tumor cell groups at the advancing edge. The ITF frequently shows a lower degree of differentiation and a higher grade of cellular dissociation in comparison with other parts of the tumor. To this end, we checked all the sections containing the ITF and found that M3 is all up-regulated in ITF/tumor budding cells; moreover, nearly half of the ITF/tumor budding cells (11/29, 37.9%) exhibit higher M3 expression than the central part ([Figure 3A and B](#f3-ott-9-6719){ref-type="fig"}). In all the metastatic lymph nodes, M3 expression is also up-regulated (30/30, 100%). Compared with the central part, more than half of the metastasis cells in the lymph node exhibit higher M3 expression (17/30, 56.7%) ([Figure 3C and D](#f3-ott-9-6719){ref-type="fig"}).

High M3 expression cells demonstrate the tendency to surround or invade into the parasympathetic nerve fibers in PDAC
---------------------------------------------------------------------------------------------------------------------

Perineural invasion is generally associated with a poor prognosis and can cause severe pain in pancreatic cancer. Recently, the presence and role of autonomic nerve fibers in the tumor microenvironment have received attention, and the infiltration of tumors by parasympathetic nerves has been evidenced and linked to cancer progression. We further investigated the patients with perineural invasion by VAChT immunochemistry and found that the tumors are all infiltrated by VAChT-positive parasympathetic nerve fibers (26/26, 100%). Tumor cells that surround or invade into the parasympathetic nerve fibers all show up-regulated M3 expression, and the presence of high M3 expression accounts for the majority (22/26, 84.6%) ([Figure 4](#f4-ott-9-6719){ref-type="fig"}).

Discussion
==========

First, our results demonstrated that M3 expression serves as a biomarker for the poor prognosis of PDAC. High M3 expression indicates a poor prognosis and shorter survival time in PDAC patients compared with patients with a low expression, which also related to lymph node involvement and AJCC stage. These results are in accordance with previous reports, which suggested that M3 is involved in the progression or prognosis in other cancers.[@b5-ott-9-6719],[@b9-ott-9-6719],[@b10-ott-9-6719] Perineural invasion may include invasion to sympathetic nerve fiber, parasympathetic nerve fiber and sensory nerve fiber, and there is no detailed description on this aspect till now. Although our data failed to prove the correlation between M3 expression and vessel/perineural invasion in the 58 patients, the current results demonstrated the frequent correlation between M3 expression and parasympathetic nerve fiber in the 26 PDAC patients who had perineural invasion. Second, M3 expression is high in ITF/tumor budding and metastatic cells in the lymph node. Numerous studies indicated that ITF and tumor budding, which reflect the invasiveness of the tumor, are indicators of poor prognosis.[@b11-ott-9-6719]--[@b15-ott-9-6719] This study demonstrated that M3 expression is high in ITF and tumor budding cells compared with the central part of the tumor. We observed the unique high expression of M3 in a subpopulation of cancer cells at the ITF (21 of 23 cases), metastatic lymph node, but not in the central, more differentiated, part of the tumor in PDAC. This unique heterogeneity of M3 expression in PDAC has not been reported yet. Our findings suggested that M3 in PDAC could play a significant role in the invasive process in vivo. Recent investigations into the functional role of M3 in carcinomas have demonstrated that the expression of M3 augmented cell motility on extracellular matrix components[@b4-ott-9-6719]--[@b7-ott-9-6719] and promoted tumor growth in mice[@b16-ott-9-6719],[@b17-ott-9-6719] in addition to its effect on cancer cell proliferation.[@b18-ott-9-6719] These findings support our hypothesis that M3 in PDAC could play a role in the invasive process and its expression could be a more malignant phenotype. The presence of high expression of M3 was prevalent in ITF/tumor budding cells and metastatic lymph nodes, indicating a metastatic potential.

Third, high expression of M3 in tumor cells demonstrates the tendency to surround or invade into the parasympathetic nerve fibers. Perineural invasion is defined as the presence of cancer cells in the perineural space, and it is an important factor influencing the postoperative prognosis of PDAC.[@b19-ott-9-6719],[@b20-ott-9-6719] Although there is no statistical significance between M3 expression and perineural invasion in our result, our study shows a tendency that high-M3-expressed cells surround or invade into the VAChT-positive parasympathetic nerve fibers in patients with perineural invasion. Based on that phenomenon, we assumed that parasympathetic nerve fiber may contribute to the development of PDAC by releasing acetylcholine on cancer cells expressing M3. In fact, during perineural invasion, nerves are passive and just provide a route for cancer cell dissemination. The infiltration of tumors by growing nerves has been evidenced and linked to cancer progression only recently.[@b21-ott-9-6719] A landmark study also demonstrated that autonomic nerve development in prostate cancer is essential to its progression.[@b22-ott-9-6719] It took VAChT as a marker for parasympathetic nerve fiber and showed that tumors were infiltrated by parasympathetic nerve fibers, which secreted acetylcholine and promoted the cancer dissemination. Furthermore, a recent study by Zhao et al[@b23-ott-9-6719] shows that surgical and pharmacologic denervation of the stomach strongly reduced tumor incidence and progression. Based on the above progression on parasympathetic nerve fiber and cancer metastasis, we may speculate that tumor cells with high M3 expression surrounding or invading into the parasympathetic nerve fibers reflect a reciprocal action.

The major limitation of our study is the small samples of resectable PDAC patients. However, as an initial report of the potential role of M3 in PDAC, our study is a well-designed prospective study that validates the use of M3 expression in the classification and treatment of patients with PDAC. These findings raise the possibility that the M3 monoclonal antibody could be applied for PDAC therapy; however, a more detailed molecular biologic mechanism of how M3 contributes to invasion and metastasis in PDAC needs to be elucidated.

Conclusion
==========

M3 expressions were correlated with poor patient prognosis and were more frequently demonstrated at the ITF/tumor budding cells, metastatic lymph node and parasympathetic nerve fiber. Therefore, M3 expression is regarded as a novel predictor of prognosis and could be an effective target in the therapeutic strategy against PDAC.
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![M3 is not expressed in adjacent noncancer pancreatic tissue but expressed in PDAC.\
**Notes:** IHC staining was performed to examine the expression of M3 in adjacent noncancer pancreatic and PDAC tissues. The representative photographs are shown. (**A**) No expression of M3; (**B**) weak expression of M3; (**C**) moderate expression of M3; (**D**) high expression of M3; (**E**) M3 expression between PDAC tissues and corresponding adjacent noncancer pancreatic tissues. ^\*\*\*^*P*=0.001. Magnification ×200.\
**Abbreviations:** M3, muscarinic acetylcholine receptor 3; PDAC, pancreatic ductal adenocarcinoma; IHC, immunohistochemical.](ott-9-6719Fig1){#f1-ott-9-6719}

![Increased expression of M3 predicts poor OS for PDAC patients.\
**Notes:** Two groups of PDAC patients with high and low M3 expression were examined by Kaplan--Meier analysis with a log-rank of *P*=0.003.\
**Abbreviations:** M3, muscarinic acetylcholine receptor 3; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma.](ott-9-6719Fig2){#f2-ott-9-6719}

![The unique location of high M3 expression tumor cells in ITF/tumor budding cells (**A** and **B**), tumor central part (**C**) and corresponding lymph node (**D**).\
**Abbreviations:** M3, muscarinic acetylcholine receptor 3; ITF, invasive tumor front. Magnification (**A**) ×100, (**B**--**D**) ×200.](ott-9-6719Fig3){#f3-ott-9-6719}

![High M3 expression cells demonstrate the tendency to surround or invade into the parasympathetic nerve fibers in PDAC (**A**--**C**: M3 immunohistochemistry; **D**--**F**: corresponding VAChT immunohistochemistry, indicating parasympathetic nerve fibers). Magnification ×200.\
**Abbreviations:** M3, muscarinic acetylcholine receptor 3; PDAC, pancreatic ductal adenocarcinoma.](ott-9-6719Fig4){#f4-ott-9-6719}

###### 

Characteristics of clinical data of PDAC patients

  Characteristics              Number          \%
  ---------------------------- --------------- ------
  Age: median (range), years   63.5 (23, 80)   
  Gender                                       
   Female                      29              50
   Male                        29              50
  Location of the tumor                        
   Head and neck               49              84.5
   Body and tail               9               15.5
  TNM category                                 
   T1                          4               6.9
   T2                          32              55.2
   T3                          22              37.9
   N0                          28              48.3
   N1                          30              51.7
   M0                          58              100
   M1                          0               0
  AJCC stage                                   
   IA                          2               3.4
   IB                          19              32.8
   IIA                         7               12.1
   IIB                         30              51.7
  Survival status                              
   Alive                       19              32.8
   Dead                        39              67.2

**Note:** AJCC is a classification system developed by the American Joint Committee on Cancer for describing the extent of disease progression in cancer patients.

**Abbreviations:** PDAC, pancreatic ductal adenocarcinoma; TNM, tumor--node--metastasis.

###### 

Correlation of M3 expression with clinicopathological features in PDAC

  Characteristics         Low M3 expression group (n=24)   High M3 expression group (n=34)   *P*-value
  ----------------------- -------------------------------- --------------------------------- --------------------------------------------------
  Age                     58.4±10.4                        62.9±13.9                         0.329
  Gender                                                                                     1.000
   Female                 12                               17                                
   Male                   12                               17                                
  Location of the tumor                                                                      0.869
   Head and neck          21                               28                                
   Body and tail          3                                6                                 
  T stage                                                                                    0.409
   1                      3                                1                                 
   2                      13                               19                                
   3                      8                                14                                
  N stage                                                                                    0.019[\*](#tfn4-ott-9-6719){ref-type="table-fn"}
   0                      16                               12                                
   1                      8                                22                                
  AJCC stage                                                                                 0.032[\*](#tfn4-ott-9-6719){ref-type="table-fn"}
   IA                     2                                0                                 
   IB                     9                                10                                
   IIA                    5                                2                                 
   IIB                    8                                22                                
  G grade                                                                                    0.843
   1                      2                                1                                 
   2                      18                               26                                
   3                      3                                6                                 
   4                      1                                1                                 
  Vessel invasion                                                                            0.264
   Positive               4                                10                                
   Negative               20                               24                                
  Neural invasion                                                                            0.684
   Positive               10                               16                                
   Negative               14                               18                                

**Notes:** *P*-values for age were calculated by the Mann--Whitney *U*-test, and other *P*-values were calculated by the chi-square tests or Fisher's exact test.

Significant *P*-value, *P*\<0.05. AJCC is a classification system developed by the American Joint Committee on Cancer for describing the extent of disease progression in cancer patients.

**Abbreviations:** M3, muscarinic acetylcholine receptor 3; PDAC, pancreatic ductal adenocarcinoma.

###### 

The effect of clinicopathological characteristics on OS by univariate Kaplan--Meier survival analysis

                          Median OS (months)   Hazard ratio   *P*-value
  ----------------------- -------------------- -------------- ----------------------------------------------------
  Gender                                                      0.953
   Female                 17.0                 1.000          
   Male                   14.0                 0.982          
  Location of the tumor                                       0.409
   Head and neck          14.0                 1.000          
   Body and tail          33.0                 0.682          
  T stage                                                     0.080
   1                      26.0                 1.000          
   2                      12.0                 0.958          
   3                      11.0                 1.925          
  N stage                                                     \<0.001[\*](#tfn7-ott-9-6719){ref-type="table-fn"}
   0                      52.0                 1.000          
   1                      10.0                 3.557          
  AJCC stage                                                  0.001[\*](#tfn7-ott-9-6719){ref-type="table-fn"}
   IA                     19.0                 1.000          
   IB                     --                   0.772          
   IIA                    31.0                 1.893          
   IIB                    10.0                 3.640          
  Vessel invasion                                             0.119
   Positive               10.0                 1.000          
   Negative               19.0                 1.713          
  Neural invasion                                             0.011[\*](#tfn7-ott-9-6719){ref-type="table-fn"}
   Positive               11.0                 1.000          
   Negative               27.0                 2.185          
  G stage                                                     0.067
   1                      --                   1.000          
   2                      17.0                 2.948          
   3                      10.0                 4.997          
   4                      6.0                  11.959         
  M3 expression                                               0.003[\*](#tfn7-ott-9-6719){ref-type="table-fn"}
   Low                    26.0                 1.000          
   High                   8.0                  2.629          

**Notes:** All the *P*-values were calculated by the log-rank test.

Significant *P*-value, *P*\<0.05.

**Abbreviations:** OS, overall survival; AJCC, American Joint Committee on Cancer; M3, muscarinic acetylcholine receptor 3.

###### 

Summary of important risk factors for OS in multivariate Cox regression analysis

                  n    *β*        SE         *P* value[\*](#tfn9-ott-9-6719){ref-type="table-fn"}   HR      95% CI
  --------------- ---- ---------- ---------- ------------------------------------------------------ ------- --------------
  AJCC stage                                                                                                
   Stage IA       2                                                                                 1.000   
   Stage IB       19   −0.306     0.770                                                             0.737   0.163--3.333
   Stage IIA      7    −0.703     0.398                                                             0.495   0.227--1.081
   Stage IIB      30   0.225      0.432      0.006                                                  1.253   0.537--2.922
  M3 expression                                                                                             
   Low            24                                                                                1.000   
   High           34   0.819697   0.356883   0.022                                                  2.270   1.128--4.568

**Notes:**

All the *P*-values were calculated by multivariate Cox regression model.

**Abbreviations:** OS, overall survival; SE, standard error; HR, hazard ratio; CI, confidence interval; AJCC, American Joint Committee on Cancer; M3, muscarinic acetylcholine receptor 3.
